Background: Personnel assigned to aircraft carriers are exposed to a variety of noise sources from equipment and flight deck operations for durations >12 h. Personnel work and live in environments where hazardous noise areas and hearing recovery spaces such as sleeping and relaxation areas are in proximity to one another which provides little recovery time from hazardous noise. This investigation describes noise levels measured over a 24-h period on a US Navy aircraft carrier during flight operations for different populations of aircraft carrier personnel. Methods: Personal noise monitoring occurred from 23 to 28 January 2014 aboard a US Navy Nimitzclass aircraft carrier during a routine at-sea period. Fifty-nine study volunteers were assigned to similar exposure groups (SEGs). The SEGs were compared to determine which groups were at greatest risk of hazardous noise exposure. Statistical analysis was conducted with SPSS version 24 using an alpha level of 0.05. Results: Mean 24-h equivalent continuous sound levels L eq(24-h) and on-duty time weighted averages (TWA (on-duty) ) ranged from 71 to 127 decibels A weighted (dBA).
Introduction
Hearing loss poses a public health threat to both the general population and Department of Defense (DoD) service-members, affecting 31 million Americans (Fausti et al., 2005) . Within the DoD, occupational hearing loss and tinnitus were the two most frequently occurring service-connected disabilities for fiscal year 2017 (Department of Veteran's Affairs, 2018). In the general population, hearing loss is the third most prevalent chronic condition in the USA, ahead of diabetes and cancer (Blackwell et al., 2014) . Globally, hearing loss burden has continued to rise since the year 1990 (Ramsey et al., 2018) . Estimates of economic costs because of lost productivity range from $1.8 to $194 billion and excess medical costs range from $3.3 to $12.8 billion in the USA (Huddle et al., 2017) . The cost for hearing loss treatment continues to grow nationally with projected growth from $8.2 billion in 2002 to $51.4 billion in 2030 (Stucky et al., 2010) .
Noise exposure is one of the primary risk factors for the development of hearing loss. Personnel assigned duty aboard aircraft carriers can be exposed to a wide variety of noise sources located in areas such as mechanical rooms, catapult spaces, engineering spaces, hotel service areas (galley, scullery, and laundry), maintenance areas, hangar bays, and the flight deck (Yankaskas & Shaw, 1999) . Other noise sources that may affect personnel include noise emanating from the ship's propellers to adjacent spaces, noise radiating from the flight deck during launch and recovery operations directly to adjacent areas, and noise from operating heavy equipment in the hangar bays that expose passers-by.
Flight decks aboard aircraft carriers function as a forward operating airfield that allows for the launching and landing of fixed-wing and rotary-wing aircraft. Flight deck operations involve a variety of noise-producing activities to include refueling, repairing, rearming, launching, and recovery operations. Specific noise generating equipment associated with flight operations varies widely, including jet blast deflector movements, water brakes used to stop the catapult shuttle, and arresting gear movement. Table 1 presents information regarding groups that work in these areas and their work responsibilities, in addition to other personnel associated with working aboard aircraft carriers.
Noise exposure often does not cease during offduty hours because noise sources associated with the flight deck and other shipboard activities are adjacent to off-duty locations such as offices, classrooms, recreational areas, religious worship spaces, mess deck (eating) spaces, recreational and physical training areas (on-board gyms), berthing (sleeping) spaces, and libraries. In addition, when at-sea, on-duty work shifts often are 12-14 h in duration with the remaining time considered off-duty. Personnel working extended shifts may not have an opportunity to recover from temporary threshold shifts (TTSs) incurred during their on-duty work-shift if noise exposures during off-duty periods are not sufficient to allow for auditory recovery. This is especially true with aircraft carriers because ships may remain at sea for weeks to months at a time. Immediate acoustic trauma may also occur from short duration high noise exposure periods (Ward et al., 2003) .
Sound pressure level (SPL) measurements on fishing vessels have ranged from 66.4 decibels 'A' weighted (dBA) in sleeping quarters to 102 dBA in the engine room (Neitzel et al., 2006) . Mean 12-h on-duty equivalent continuous sound levels (L eqs ) ranged from 90.2 dBA on the cargo deck to 97.7 dBA on the factory processing deck (Neitzel et al., 2006) with all personnel exceeding the International Maritime Organization and American Conference of Governmental Industrial Hygienists (ACGIH) 80 dBA 24-h noise exposure limit. Using sound-level mapping measurements and questionnairereported nonwork time locations, mean off-duty noise exposures in shared work and rest spaces ranged from 57 dBA on the cargo deck to 64.9 on the factory processing deck with an overall mean estimated to be 59.7 dBA (Neitzel et al., 2006) . Noise measurements for Norwegian Navy vessels such as mine vessels, frigates, coast guard, and coastal corvettes revealed exposures as high as 92.6 dBA during 7-h mean work-shifts for mine vessel electricians and as low as 65.9 dBA during 13.7-h mean work-shifts for navigators on coast guard vessels (Sunde et al., 2015) . Mean noise levels for these Norwegian Navy vessels during sleep periods were 55.5 dBA (Sunde et al., 2016) . Studies by Yankaskas & Fast (1999) measured noise levels directly on an aircraft carrier flight deck and in areas directly below the flight deck where other aircraft support personnel work and sleep and found background noise levels of 60 dBA. Aircraft launches lasting 20-30 s per launch peaked at 100 dBA. Yankaskas & Fast (1999) and Yankaskas & Shaw (1999) quantified noise on US Navy aircraft carriers during flight operation crew member carrier qualifications (CQs) and found noise from aircraft engines at various locations on the flight deck ranged from 138 dBA to more than 146 dBA. Noise levels of other flight deck sources have also ranged widely from 90 dBA for jet blast deflector movement to more than 120 dBA for arresting gear movement (Yankaskas, 2013) . Rovig et al. (2004) evaluated noise exposure and hearing loss among several US Navy aircraft carrier flight deck occupational groups working 12-h on-duty shifts. Noise exposures for flight deck personnel such as aircraft handlers, aviation weapons handlers, aircraft catapult launch crew members, and aircraft refuelers in comparison with engineering personnel were included in the study. The varying shift length on-duty noise exposures were normalized to 8-h timeweighted averages (TWAs) to facilitate comparison since flight deck personnel shift lengths averaged nearly 12-h whereas engineering personnel's shift lengths averaged ~8.5 h. Flight deck personnel TWAs ranged from 96.1 to 119.5 dBA with a mean of 109 dBA whereas engineering personnel TWAs ranged from 79.1 to 97.7 dBA with a mean of 92 dBA. Noise measurements were not reported for administrative personnel. Hearing loss was also evaluated for flight deck, engineering, and administrative personnel occupational groups. Permanent threshold shifts (PTSs) were highest among flight deck personnel with a prevalence of 38% compared to PTS prevalence of 23% for engineering personnel and 11% for administrative personnel (Rovig et al., 2004) . investigated 12-h on-duty, 12-h off-duty, and 24-h noise levels among a population of US Navy aircraft carrier support personnel at low risk to noise exposure. Personnel worked primarily in professional occupations such as administration, religious ministries, legal, training, medical, dental, and supply. Mean 24-h noise levels ranged from 69 to 88 dBA with 22% exceeding the 80 dBA ACGIH threshold limit value (TLV). Twelve-hour off-duty noise exposure ranged from 68 to 84 dBA with 95% exceeding the 70 dBA ACGIH TLV classified as effective quiet to allow for TTS recovery.
Within a healthy worker population, 25% will develop noise-induced hearing loss (NIHL) when exposed to noise over the Occupational Safety and Health Administration (OSHA) permissible exposure limit (PEL) of 90 dBA for the typical 40-year working lifetime of 8 h per day and the traditional 5-day workweek (NIOSH, 1998 ). Ward et al. (1976 reported the OSHA PEL, as an 8-h TWA, would protect 90% of the population from incurring a TTS >20 dB. The ACGIH, National Institute for Occupational Safety and Health (NIOSH), and the DoD have established a noise occupational exposure limit (OEL) of 85 dBA as an 8-h TWA (NIOSH, 1998; DoD, 2010; ACGIH, 2018) . NIOSH estimates that 8% of the population will develop hearing impairment when exposed at 85 dBA (NIOSH, 1998) . ACGIH estimates that the TLV of 85 dBA should protect the median of the population against NIHL ≥ 2 dB after 40 years of occupational exposure for the average hearing threshold level across the critical audiometric frequencies of 0.5, 1, 2, and 3 kHz (ACGIH, 2018) . Both the OSHA and NIOSH risk-based assessments for long-term noise exposure assume there will be a quiet period for hearing recovery within every 24-h period to allow recovery from TTSs that may have occurred. Similar to what is encountered on an aircraft carrier, 80 dBA is the 24-h OEL when workers are restricted to employer-controlled workspaces/areas serving as both workplaces and living quarters over a 24-h period (ACGIH, 2018) . In addition, it is expected that hearing recovery areas will not expose workers in excess of 70 dBA to allow for auditory recovery (ACGIH, 2018) . The World Health Organization has suggested a 24-h equivalent continuous noise level (L eq ) of 70 dBA, regardless of on-or off-duty stratification, would result in negligible hearing impairment over a lifetime (Berglund et al., 1999 ). An auditory recovery area with a sound level ~76 dB is anticipated to be sufficient for auditory recovery from predominantly low frequency noise whereas 68 dB is necessary for high frequency noise assuming 16 h of auditory rest (Ward et al., 1976) . Immediate acoustic trauma may also occur from short duration high noise exposure periods such as 130 dB for 1 min (Ward et al., 2003) . Noise exposure may reach these levels for short durations on US Navy aircraft carriers during flight operations.
The purpose of this investigation was to characterize on-duty, off-duty, and 24-h noise exposures among US Navy aircraft carrier similar exposure groups (SEGs) during flight operations. Specifically, the two study objectives were to (i) Determine if the personnel's L eq(24-h) , TWA (on-duty) , and L eq(off-duty) exceeded the corresponding noise OELs: ACGIH L eq(24-h) ≤ 80 dBA, DoD/NIOSH/ ACGIH 8-h TWA (on-duty) < 85 dBA, and ACGIH L eq(off-duty) < 70 dBA; and (ii) Determine if L eq(24-h) , TWA (on-duty) , and L eq(off-duty) were significantly different between SEGs.
Methods

Study overview
The study was approved by the Human Research Protection Program Office of Uniformed Services University and was classified as nonhuman subjects research. No identifiable information was collected in connection with the investigation. The investigation was conducted from 23 to 28 January 2014 aboard the US Navy Nimitz-class aircraft carrier, USS Ronald Reagan (CVN-76), during a routine at-sea period in the Pacific Ocean. The mission for this period involved Fleet Replacement Squadron CQs where pilots, crew members, and support personnel are trained and qualified in fixedwing aircraft launches and recoveries aboard the aircraft carrier's flight deck. Although some study populations were directly involved with aircraft launch, recovery, and maintenance activities, other personnel populations primarily served a supporting function such as working in the ship's laundry, conducting security rounds throughout the ship, and professional work in medical and dental areas. Regardless of each participant's primary work function, noise from flight operations were considered to affect noise exposure.
Flight operations typically lasted 12 h and included the following fixed and rotary-wing aircraft: FA-18E/F Super Hornet, EA-18G Growler, C-2A Greyhound, and MH-60 Seahawk. Other mission-related tasks that occurred during the at-sea period affecting all personnel on the aircraft carrier were a series of emergency drills to include accountability drills such as 'man overboard' and emergency/fire-fighting training drills such as General Quarters (typically occurring every 1-2 days for 2 h each). Routine refueling and replenishing events such as replenishment at sea, vertical replenishment, weapon familiarization, and maintenance/service support operations also occurred during the noise monitoring period.
Study population
The investigators' initial interest was to characterize total noise exposures for personnel with the highest risk of noise exposure as validated by tracking in the Hearing Conservation Program (HCP). However, no departments or work centers were excluded from the study and not all were represented because of availability during the limited study time frame. The volunteers worked in various locations aboard the ship such as directly on the flight deck, catapult machinery rooms, hangar bay aircraft maintenance jet shops, and administrative office spaces.
The enlisted and officer supervisors responsible for personnel working in identified noise hazardous areas received a briefing from the investigators concerning the purpose and methods of the study. At that time, those Division Chiefs were asked to solicit volunteers from their respective work centers to participate in the study. Volunteers reported to an investigator staging area. Study volunteers were provided a briefing concerning the purpose and methods of the study and a worksheet to log their activities during the 24-h monitoring period. Volunteers were instructed to avoid tampering with noise dosimetry monitoring equipment and were requested to perform their normally assigned duties. The investigators answered any questions each individual volunteer raised and gave each volunteer the opportunity to decide whether or not to participate. Each participant then signed a consent form indicating understanding of the study's purpose and that participation in the study was voluntary. Each participant acknowledged that they could voluntarily withdraw from the study at any time.
During off-duty hours, participants were instructed not to remove the noise dosimeters unless showering or sleeping. While sleeping, participants were instructed to place the dosimeter in the sleep area or next to the sleeping area and as close as possible to the ear. While showering, participants were instructed to place the dosimeter on their bunk in their berthing area. After sleeping and showering, participants were instructed to wear the dosimeter as demonstrated during initial issue (i.e. microphone placed in the hearing zone and microphone uncovered). Appropriate dosimeter wear was verified at the completion of the 24-h monitoring period when the study volunteers returned the dosimeters to the researchers. Study participants were divided into seven SEGs using an observational approach considering departmental assignment, work location, and type/similarity of work performed. Supplementary 
Activity sheets
An activity sheet was used to identify department, worker job title, work tasks, when and where a person spent their time during specific portions of the monitored period, and start and stop of on-duty and off-duty shifts. Personnel were instructed to fill out the activity sheets throughout their 24-h monitoring period and return to the location of dosimeter issue at the end of their 24-h monitoring period. The monitored times were compared to the ship's plan of the day (POD), a document which lists all major activities onboard over the course of each 24-h period. The POD assisted in correlating noiseproducing events such as daily flight operations and emergency drills with SPL spikes in the noise dosimeters' time-history. Activity sheets for the corresponding noise measurements were matched to isolate on-duty and off-duty noise exposures from the overall 24-h noise exposure profile.
Materials
3M
TM Quest Edge5, Edge4, and Quest NoisePro type II noise dosimeters (Quest Technologies, Oconomowoc, WI, USA) were used to measure noise levels. Field calibration was performed before and after each dosimeter use with 3M QC-10/AC-300 (Quest Technologies, Oconomowoc, WI, USA) calibrators with parameters set at 114 dB at 1000 Hz. The 3M™ Quest Technology NoisePro dosimeters were worn on the belt and the microphone was shoulder mounted in the hearing zone. The 3M™ Quest Technology Edge 4 and Edge 5 was lapel-mounted in the hearing zone. Dosimeters were set to datalog at 1-min intervals during each 24-h monitoring period. The sound pressure measurements were later divided into on-duty and off-duty exposures for analysis and comparison.
Detection Management Software (DMS) (3M TM , St. Paul, MN, USA) data analysis software was used to initially setup dosimeter parameters and retrieve data from the noise dosimeters. Dosimeters were set to A-weighting with 'slow' meter response, criterion level of 85 dBA for an 8-h TWA, time-intensity exchange rate (ER) of 3 dB, and threshold of 80 dBA.
Each dosimeter sample session was stopped at the end of the 24-h period and was added to DMS. Each volunteer logged ≥1440 min of noise measurements. Small differences in data-logging time were related to differences in personnel release time from their work stations by their supervisors. The data-logged sound pressure levels were then exported from DMS to Excel® spreadsheets to isolate 24-h, on-duty, and off-duty exposure periods according to each worker's corresponding on-duty/off-duty start and stop times as annotated on each activity sheet. The data-logged measurements were logarithmically added then averaged to determine each worker's overall L eq(24-h) , TWA (on-duty) , and L eq(off-duty) in dBA with a 3 dB ER. Leq values were determined for on-duty noise exposures by isolating the minute-by-minute measurements from the manually adjusted 24-h noise dosimetry outputs and logarithmically averaging the totals. The TWA was calculated as the equivalent sound energy normalized to an 8-h work-day for comparison to the DoD, ACGIH, and NIOSH 85 dBA OEL because on-duty exposure duration varied for the participants.
Statistical analysis
SPSS (version 24, IBM Corp., Armonk, NY, USA) was used for data analysis. Descriptive statistics such as mean, minimum values, maximum values, standard deviation, and percent exceeding the OEL were compiled for L eq(24-h) , TWA (on-duty) , and L eq(off-duty) . Assumptions associated with parametric analysis of variance to include normal distribution and homogeneity of variance were assessed using Kolmogorov-Smirnov test for normality and Levene's test for equality of variances. Data transformation was attempted to improve data normality distribution. Kruskal-Wallis nonparametric analysis of variance, and Mann-Whitney U post hoc tests were used to determine if there were significant differences (measured in dBA) between each SEG according to L eq(24-h) , TWA (on-duty) , and L eq(off-duty) and to determine median noise level differences. Assumption testing and nonparametric analysis of variance tests between SEGs were assessed using an α = 0.05. MannWhitney U pairwise comparisons between SEGs were assessed using an α = 0.01.
Results
A total of 77 personnel volunteered to participate in the investigation. However, results for 18 volunteers were excluded from final analysis because of incomplete 24-h activity sheets. Examples of missing information in the activity sheets that prevented further inclusion in the study were such information as name, assigned department (precluding later SEG assignment), employee working day or night shift, and times of on-duty and off-duty. Sample results for the resulting 59 participants were further analyzed according to their associated SEG. Each volunteer's 24-h sample was the comprehensive measure of on-duty and off-duty noise exposures. The mean on-duty duration for this study was slightly under 14 h per 24-h sampling period. The remaining 10 h was counted as off-duty time.
The majority of personnel were in SEG 2 Launch and Recovery (25%) which primarily consisted of work-tasks directly on the flight deck during flight operations. SEG 6 Roving and SEG 7 Administrative/Professional (7% each) had the fewest personnel. SEG 6 consisted of personnel conducting security walkthroughs throughout the aircraft carrier, personnel serving as external ship lookouts, and others serving as watch standers throughout the ship with a variety of work tasks. SEG 7 consisted of personnel in administration/professional areas such as mass communications, administration, and dental. Table 2 displays descriptive statistic results according to L eq(24-h) , TWA (on-duty) , and L eq(off-duty) for each SEG. Mean 24-h noise levels according to SEG ranged from 82.4 to 100.7 dBA with an overall L eq(24-h) of 92.9 dBA. The L eq for 93.2% of personnel exceeded the 24-h noise exposure limit of 80 dBA. Personnel assigned to SEG 1 Flight Deck Controllers/Observers and SEG 2 Launch and Recovery had the highest mean L eq(24-h) whereas SEG 7 Administration/Professional had the lowest mean L eq(24-h) . Workers' mean TWA (on-duty) ranged from 81.6 to 100.6 dBA with a mean of 92 dBA. The TWA for 67.8% of the population exceeded the 85 dBA 8-h ACGIH/NIOSH/ DoD limit. Similar to the L eq(24-h) results, personnel assigned to SEG 1 Flight Deck Controllers/Observers and SEG 2 Launch and Recovery had the highest mean TWA (on-duty) whereas SEG 7 Administration/Professional had the lowest mean TWA (on-duty) . Mean L eq(off-duty) ranged from 61.5 to 87.5 dBA with a mean of 69.9 dBA. SEG 6 Roving had the highest L eq(off-duty) whereas personnel in SEG 2 had the lowest L eq(off-duty) . The L eq for 61% of the population exceeded the 70 dBA ACGIH TLV classified as effective quiet to allow for TTS recovery. 
Descriptive statistics
Analysis of variance
Results of parametric assumption testing for normal distribution of L eq(24-h) , TWA (on-duty), L eq(off-duty) revealed right skewed non-normally distributed noise levels (P < 0.05). Square root, log, and inverse transformations were attempted and resulted in minimal improvement of the distributions (P < 0.05). Results of Levene's test for equality of variance revealed the noise level data violated the homogeneity of variance assumption (P < 0.05).
As noise level data did not meet the assumptions associated with parametric statistical methods, nonparametric methods were used. Table 3 displays results of the Kruskal-Wallis test to determine if there were significant differences between the seven SEGs according to L eq(24-h) , TWA (on-duty) , and L eq(off-duty) . There were statistically significant differences at the P < 0.05 level between the seven SEGs for their L eq(24-h) (P = 0.001), TWA (on-duty) (P = 0.004), and for L eq(off-duty) (P = 0.004). A Mann-Whitney U test was conducted to determine which SEGs had significantly different L eq(24-h) , TWA (onduty) , and L eq(off-duty) . Although these pairwise comparisons indicated statistically different noise levels between some of the SEGs, a Bonferroni adjustment consistent with the procedures detailed by Pallant (2010) was needed to avoid expanding the type I error associated with making multiple pairwise comparisons between groups. Each of the SEGs was compared to SEG 2 Launch and Recovery. Bonferroni adjustment for these six comparisons resulted in a new alpha value of 0.01. Full analyses are presented in Tables 4-6. The Mann-Whitney U test revealed SEG 2 had significantly higher L eq(24-h) and TWA (on-duty) than SEG 3 Damage Control Maintenance and Repair, SEG 5 Supply, and SEG 7 Administrative/Professional (P = 0.01). The median L eq(24-h) for SEG 2 was over 16 dB higher than SEG 3 and SEG 5 whereas SEG 2's median L eq(24-h) was 21 dB higher than SEG 7 (Table 4) . Similarly, the on-duty median TWA (on-duty) for SEG 2 was 15.5 dB higher than SEG 3, nearly 17 dB higher than SEG 5, and more than 21 dB higher than SEG 7 (Table 5) . When assessing L eq(off-duty) , no SEG was significantly different than SEG 2 (Table 6 ).
Discussion
24-h and on-duty noise exposures
The <1 dB difference for L eq(24-h) , TWA (on-duty) noise exposures between SEG 1 and SEG 2 suggests that personnel located on the flight deck have similar noise exposures despite differences in work tasks. In addition, noise results >100 dBA for the flight deck controllers/ observers and launch and recovery personnel suggests that personnel directly involved with aircraft carrier flight operations are at the highest risk of noise exposure and eventual hearing loss compared to personnel involved with maintenance and repair and aircraft carrier support functions.
The study by Yankaskas & Fast (1999) found similar results for personnel adjacent to, or below, the flight deck during flight operations by measuring short-term noise levels up to 100 dBA. However, Yankaskas & Fast (1999) used direct reading instruments to measure instantaneous noise levels to estimate personal exposures whereas the current study measured personal noise exposures directly. The measured TWA (on-duty) in the present study were substantially higher than the measurements in the Neitzel et al. (2006) investigation which, as expected, was due to flight operations producing louder noise levels than fishing vessel operations. However, despite the difference in measured noise levels, the two studies were similar in that most monitored personnel exceeded the 24-h 80 dBA OEL and on-duty 85 dBA OEL. The current study recorded similar TWA (on-duty) for flight deck associated SEGs 1 and 2 compared to noise levels for flight deck personnel in a study by Rovig et al. (2004) despite longer exposure duration, ~14-h on-duty shifts for the current investigation compared to 11.5-12-h on-duty shifts in Rovig et al.'s investigation. It was unexpected that noise exposures for SEG 4 Hangar Bay Maintenance and Repair was not significantly different than SEG 2 Launch and Recovery considering the significantly greater 24-h and on-duty noise exposures for Launch and Recovery compared to Hangar Bay Maintenance and Repair. This may have been because personnel in SEG 4 Hangar Bay Maintenance and Repair were primarily responsible for aircraft component maintenance and repair to include jet engine testing and maintenance which are anticipated to have higher noise levels than SEG 3 Damage Control Maintenance and Repair which were composed of non-aviation-related maintenance and repair personnel. This may also be explained by the large variability in noise levels measured for SEG 2 (L eq(24-h) SD = 14.9) and SEG 4 (L eq(24-h) SD = 9.3) compared to lower variability for SEG 3 (L eq(24-h) SD = 5.3).
Off-duty noise exposures
SEGs 2 Launch and Recovery, 3 Damage Control Maintenance and Repair, and 4 Hangar Bay Maintenance and Repair had among the highest TWA (onduty) noise exposures of all groups but also had some of the lowest mean L eq(off-duty) exposures ranging from 62 to 72 dBA. Despite the mean L eq(24-h) exceeding the 80 dBA ACGIH TLV in these SEGs, personnel may have had an opportunity for auditory rest because many of the L eq(off-duty) noise levels were <70 dBA. However, the mean 87.5 dBA L eq(off-duty) noise exposure, 93.1 dBA TWA (onduty) noise exposures, and 98.9 dBA overall L eq(24-h) of SEG 6 Roving personnel raises serious concerns. Roving personnel typically do not have consistent hazardous noise exposure like flight deck personnel and aircraft maintenance personnel, rather, roving personnel have intermittent noise exposure from varying sources as they traverse the ship throughout the day. Elevated off-duty noise levels could have been a result of spending offduty time in noise hazardous areas. However, additional activity sheet information was not available to determine the source of elevated noise. The small sample size of this group may limit interpretations of this high result. L eq(off-duty) noise exposures in the present study were generally higher with a mean of 69.9 dBA than the estimated off-duty exposures measured by Neitzel et al. (2006) with a mean SPL of 59.7 dBA. The L eq(offduty) mean of 69.9 dBA in the current study was 4.5 dB lower than a similar study by that investigated 12-h off-duty L eqs among aircraft carrier support personnel. There are several possible reasons for these differences. The Neitzel et al. (2006) study estimated off-duty noise exposures using sound-level mapping measurements and questionnaire-reported nonwork time locations compared to the present study that measured noise exposures during the full 24-h shift. The L eq(off-duty) for the current study was shorter than the Neitzel et al. (2006) and studies by nearly 2 h. Finally, because of the diversity of occupational tasks and large ship size in the current study, some aircraft support personnel's L eq(off-duty) noise exposures may have occurred when flight operations were still occurring. This condition may have led to higher L eq(off-duty) noise exposures than on commercial fishing vessels where off-duty locations are limited due their smaller ship size.
There were no significant differences in L eq(off-duty) between the SEGs. L eq(off-duty) across all SEGs was exactly 70 dBA which is the TLV recommended by ACGIH to facilitate auditory rest and ensure any temporary shifts in workers' hearing thresholds are allowed to recover. There may be several explanations for these findings. Personnel spend their off-duty time in areas with similar noise levels and the decrease in flight operation associated background noise levels during off-duty hours affected each SEG similarly. Off-duty areas on a US Navy aircraft carrier at-sea are limited in number and commonly include sleeping, eating, gym, religious, and library areas. The measured noise levels may have also been affected by the 80 dB noise dosimeter threshold used in this study. A different threshold, particularly when measuring low noise levels during off-duty hours, may have changed the mean L eq .
Personal exposure to 85 dBA as an 8-h TWA typically triggers monitoring in the DoD HCP. If 85 dBA, as an 8-h TWA, is used as an OEL to limit worker noise exposure during the work-day, the remaining 16 h of the day in an off-duty status could allow an opportunity for a worker's hearing to recover from any temporary hearing loss that may have occurred during the preceding work-shift. Aircraft carriers at-sea are a unique environment where work shifts extend from 12 to 14 h in duration and spaces designed for off-duty relaxation may be adjacent to hazardous noise areas. Personnel included in this study worked 12-14 h shifts in a variety of occupational areas generally classified as flight deck, maintenance and repair, and aircraft carrier support. The other 10-12 h of each day were typically spent in an off-duty status resting/relaxing in spaces designed for eating, exercising and recreational purposes. Noise exposure duration >8-h raises additional concerns due to both high intensity noise exposure over a longer duration and by the reduced opportunity for auditory recovery remaining in the 24-h day that occurs when work shifts are extended beyond 8 h.
Noise exposure characterization in this study did not consider hearing protection use. However, all aircraft carrier personnel are provided hearing protection and hearing conservation training that includes information on specific general areas that require hearing protection and information about how to read hazardous noise area warning signs. Noise levels commonly encountered by SEGs 3-6 typically required at least single hearing protection whereas noise levels commonly encountered by SEGs 1 and 2, flight deck associated SEGs, typically required at least double hearing protection during flight operations.
Limitations
Noise was measured in the current investigation during fleet replacement squadron CQs and, as a result, these noise measurements may differ from noise levels associated with other ship cycles such as higher operations tempo during deployment, ship maintenance in industrial shipyard environments, or routine shipboard operations when in-port. The primary noise source affecting personnel was anticipated to be flight operations and machinery on the ship to support flight operations. However, noise emanating from the ship's propellers to adjacent spaces and flight deck noise transmitted to adjacent areas were not directly quantified to determine unique contribution to L eq(24-h) , TWA (on-duty) , and L eq(off-duty) exposures. The investigation was limited to a small sample size with departments such as Engineering, Reactor, Weapons, and Combat Systems not participating due to unavailability during the study period. In addition, the current investigation did not consider personal exposure to ototoxins. Exposure to chemicals such as lead, cadmium, arsenic, toluene, and xylene have been associated with hearing loss among personnel exposed to chemicals alone and in combination with noise (Schaal et al., 2017; .
Future studies
Future studies should focus on TTS and PTS prevalence and hearing protection adequacy/ attenuation for populations working extended shifts to determine if personnel, despite exceeding OELs, are at increased risk of hearing loss. In addition, octave band analysis noise assessments in berthing areas and eating areas could determine the best method of providing sound absorption for noise reduction and reveal additional opportunities for targeted noise control. Future studies should increase sample size by including more departments and different ship types that support flight operations such as amphibious assault ships.
Conclusions
The results of the current investigation are generalizable to many other aircraft carriers built to Nimitz-class specifications. This class of aircraft carrier are designed similarly to include support for similar types of aircraft, use of similar types of engineering/propulsion equipment, and personnel conducting similar work functions in similar locations. In addition, the same noise and vibration design specifications for noise hazardous spaces and nonworking spaces are used for each Nimitz-class aircraft carrier during ship design and alterations. Because US Navy aircraft carriers are primarily responsible for launching and recovering aircraft, shipboard operations that pose noise exposure opportunities are similar regarding flight operation duration, types of flight training, training and deployment cycles, and work shift duration. However, it is unknown if the noise profile for Nimitz-class aircraft carriers is similar to the recently commissioned Fordclass aircraft carrier.
Noise has been a well-studied risk factor for hearing loss; however, only monitoring for noise during 8-h periods may lead to uncharacterized exposures for personnel working extended duration shifts. Characterizing 24-h noise exposures enables occupational and environmental health practitioners to identify segments of time within a 24-h period that contribute to a worker's risk of incurring NIHL and verify if rest areas designated for quiet conditions and personal comfort meet auditory rest criteria. Nearly all workers in this study exceeded the 80 dBA 24-h noise limit. More than half of workers included in this investigation exceeded the 85 dBA on-duty 8-h TWA noise limit and the 70 dBA off-duty threshold classified as effective quiet to allow for TTS recovery. Personnel associated with flight deck operations and supportive maintenance and repair tasks had the highest noise exposures. Personnel anticipated to have low noise exposures such as Supply and Administration/Professional SEGs predominantly exceeded the 24-h and off-duty associated OELs. As personnel onboard US Navy Nimitz-class aircraft carriers work and live in proximity, they potentially do not receive adequate auditory rest from occupational and environmental noise exposures.
These findings raise serious concerns because operational commitments frequently require longer working hours of aircraft carrier personnel and there are a limited number of spaces where sailors can spend their off-duty time to provide respite and auditory recovery. In addition, the maximum measured short duration noise values for some SEGs neared levels associated with immediate acoustic trauma. Occupational HCPs may not be taking total noise exposures into consideration and as a result there may be numerous workers with unmet hearing conservation needs. Because the majority of personnel's 24-h noise exposure occurs due to on-duty noise exposures, additional efforts are needed to implement engineering, administrative, and personal protective equipment noise controls to reduce exposure. Engineering controls such as wall and ceiling sound absorption, partitions, and acoustic panels in spaces throughout the ship could allow for reduced noise levels and provide better opportunities for auditory recovery. Administrative controls to include reducing to 8-h work shifts would allow an opportunity to reduce individual noise exposures and provide auditory recovery. However, low/variable aircraft carrier staffing and workload when at-sea makes additional administrative controls difficult to implement. On the basis of the noise levels measured in this study, personal protective equipment, specifically double hearing protection, is necessary when working in flight deck and aircraft maintenance associated work areas. These engineering, administrative, and personal protective equipment controls are necessary not only for a US Navy aircraft carrier population but also among populations that work extended work-shifts and work in employer-controlled areas that serve as both workplace and living quarters.
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